In multivoltine insects that oviposit and develop on short-lived plants, different herbivore generations across a growing season often exploit different plant species. Here, we compare the development time, pupal mass, and survival of two closely related oligophagous herbivore species on two species of brassicaceous plants that grow in different habitats and which exhibit little overlap in temporal growth phenology. In central Europe, the green-veined white butterfly, Pieris napi L., is bivoltine, whereas the small cabbage white butterfly, Pieris rapae L., has two to three generations a year. Moreover, P. napi is primarily found in moist, open (e.g., meadow), and forest habitats, whereas P. rapae prefers drier, open habitats. Both butterflies were reared on Garlic mustard (Alliaria petiolata), which is shade-tolerant and grows early in spring in forest undergrowth, and Black mustard (Brassica nigra), which prefers open disturbed habitats and is most common in summer. Both host plant species differ in other traits such as secondary chemistry. We hypothesized that, owing to habitat preference, P. napi would develop equally well on both plants but that P. rapae would perform better on B. nigra. The results provide partial support for this hypothesis, as both herbivores performed equally well on A. petiolata and B. nigra. However, there were differences in these parameters that were species-specific: on both plants P. rapae developed faster and had larger pupae than P. napi. Our results show that specialized herbivores can exploit different species of related plants that grow at different times of the season, enabling them to have multiple generations.
For their development, specialist insect herbivores rely on the plant chosen by their mother and the larvae usually begin their lives feeding on the plant on which their mother oviposited (Ehrlich and Raven 1964, Fox and Morrow 1981) . Various morphological and chemical attributes of the natal plant can significantly affect plant quality and in turn herbivore behavior, development, and survival. For example, hairs, trichomes, or adhesive glands on the leaf surface may hamper herbivore movement or act to impede colonization (Ribeiro et al. 1994, Van Dam and Hare 1998) . Many plants also produce a range of secondary metabolites (¼ allelochemicals or digestibility reducers) that function as feeding deterrents or significantly affect the physiology, development, and even survival of some herbivores (Giamoustaris and Mithen 1995, Van Dam et al. 2000) . The expression of plant traits that influence their quality for herbivores is dependent on different biotic factors, such as above-and below-ground interactions, as well as abiotic factors such as temperature, light intensity, rainfall, and the available nutrients in the soil.
Plant quality is also not "fixed" but may change with time, such as over the course of a growing season (Gatsuk et al. 1980 , Reeves 1987 , Wells and Eissenstat 2002 . For instance, the foliage of a tree undergoes a dramatic shift in various physical and chemical attributes during spring, summer, and autumn (Chapin III et al. 1980; Riipi et al. 2002 Riipi et al. , 2004 . Insects with protracted life cycles may thus experience profound shifts in the quality of plant tissues during their development. Moreover, many insect herbivores are multivoltine and hence produce two or more generations per year. In this situation, different generations may develop on plants that vary in quality due to the temporal aging of plant shoots (Bowers and Stamp 1993 , Stamp and Bowers 1994 , Donaldson et al. 2006 ). However, some species of plants-such as annual forbs-have very short life cycles and are only present in the field for 3 mo or even less (Verkaar and Schenkeveld 1984, Fei et al. 2014) . In this case the host plant used by one generation of the herbivore may not be present in the field (or will either be dying or in senescence) when later herbivore generations emerge (Fei et al. 2014) . A newly emerged adult herbivore may therefore need to leave the natal patch and search for a new plant species growing elsewhere in a different habitat (Fei et al. 2014) . Insect herbivores may exhibit preferences for certain plant species based on a range of factors such as plant size, local abundance, and the risk of attack from natural enemies (Ohsaki and Sato 1994) . Gregarious herbivores that attack small plants may be restricted to attacking plant species that grow in clusters or aggregations, thereby reducing the risk of precocious starvation (Le Masurier 1994 , Fei et al. 2016 . Solitary herbivores are often less restricted in their choice of food plant, but nevertheless still exhibit preferences based on the availability and nutritional quality of suitable plants.
In some instances, the loss of suitable plants as a result of habitat loss or displacement by an invader can drive population losses in insect herbivores. For example, the solitary white butterflies, Pieris oleracea (formerly P. napi oleracea; Fig. 1 ) and P. virginiensis, have declined markedly in their native eastern North American ranges due to the loss of their main food plant, the Broadleaf toothwart, Cardamine dephylla, which has been replaced by an aggressive Eurasian invader, the Garlic mustard, Alliaria petiolata (Keeler et al. 2006 , Keeler and Chew 2008 , Rodgers et al. 2008 , Davis et al. 2015 . Although both food plants are in the same family (Brassicaceae), and the butterflies readily oviposit on garlic mustard, their larvae, which are not adapted to the novel plant's allelochemistry, perish early in development Chew 2008, Davis et al. 2015) . Similarly, another related butterfly, P. macdunnoughii (formerly P. napi macdunnoughii), in the western United States occasionally oviposits onto another toxic invasive crucifer, the field pennycress (Thlaspi arvense), even though all of the larvae perish on this plant (Nakajima et al. 2013 (Nakajima et al. , 2014 . This reveals that specialist herbivores are not necessarily adapted to toxins in novel, exotic plants that are related to their native food plants (Renwick 2002) .
In this study, we compare the performance of two native specialist herbivores of brassicaceous plants on two native potential food plants. The green-veined white butterfly Pieris napi L. and the small cabbage white butterfly Pieris rapae L. (Lepidoptera: Pieridae) ( Fig. 1 ) are two widely distributed multivoltine butterfly species that are native to Eurasia. In central Europe, P. napi typically has two generations per year and P. rapae two to three (Richards 1940 , Wiklund et al. 1993 ). Both species are very closely related, exhibit striking morphological similarities, and feed primarily on plants in the order Brassicales that produce inducible secondary metabolites called glucosinolates (Renwick 2002 , Hopkins et al. 2009 ). The Brassicaceae is well-represented in Europe, and both Pieris species studied can be found in the field on several species that differ in their seasonal phenology. P. napi generally emerges from overwintering pupal diapause earlier in the season (e.g., late March) than P. rapae (e.g., April) and the former species prefers moist meadow and forest habitats whereas the latter prefers drier and warmer open habitats (Friberg et al. 2015) .
Here, we compare development of European (Dutch) P. napi and P. rapae on garlic mustard, Alliaria petiolata, and Black mustard, Brassica nigra, which exhibit marked differences in a suite of ecophysiological traits. For instance, A. petiolata grows very early in the season in damp, shady forest habitats, whereas B. nigra grows in summer in open, disturbed habitats such as along roadsides and near rivers. Both plant species also differ in several traits, such as secondary metabolism (Cipollini et al. 2005 , Lankau 2007 , Smallegange et al. 2007 , Cipollini and Lieurance 2012 and trichome density (personal observation), which may affect their suitability as host plants for the two Pieris species.
We use several parameters to measure performance of P. napi and P. rapae on A. petiolata and B. nigra: larval to pupal survival, development time (in days) to pupation, duration (in days) in pupal stage, and total egg-to-adult development time (in days) as well as pupal mass. Given that P. napi occupies differing habitats whereas P. rapae prefers open sites, we hypothesized that P. napi will perform well on both plants whereas B. nigra is of higher quality for P. rapae.
Materials and Methods

Insects
Both butterfly species were caught near the institute as adults in spring of 2015, using a butterfly net. Pieris napi (40 adults) and Pieris rapae (15 adults) were kept separately in BugDorm cages (40 by 25 by 25 cm 3 ). Five 5-wk-old, nonflowering Alliaria petiolata plants were placed in the cages as host plants for oviposition. In each cage, some wild-collected flowers of Cardamine pratensis were placed as a nectar source, in addition to the available flowers of the host plants. The cages were placed in a climate-controlled greenhouse at 20 C (62 C) and a photoperiod of 16:8 (L:D) h, at the Netherlands Institute for Ecology. Plants were observed twice daily for presence of eggs. The plants were also watered twice weekly. The eggs of both species were checked early every morning and the experiment was started when the first instars (L1) emerged.
Plants
Seedlings of Brassica nigra were obtained from researchers at the Netherlands Institute for Ecology and had been collected from a wild population growing along the River Rhein, Wageningen, The Netherlands (51 57'36.96" N, 5 40'45.70" E) . Sixty seedlings were transplanted into 12-by 12-cm pots in regular potting soil (Lentse Potgrond) and placed in a climate-controlled greenhouse at 20 C (62 C) and a photoperiod of 16:8 (L:D) h, at the Netherlands Institute for Ecology. Plants were watered twice per week.
Sixty Alliaria petiolata plants were collected as small shoots from a site in Wageningen Hoog, Wageningen, The Netherlands (51 59'7.79" N, 5 41'42.23" O) where this species grows abundantly. A. petiolata is a biennial plant that flowers in the second year. Rosettes were collected early in their second year (mid-April, before seedlings started to germinate). The plants were potted in 12by 12-cm pots with regular potting soil (Lentse Potgrond) and placed in a climate-controlled greenhouse at 20 C (62 C) and a photoperiod of 16:8 (L:D) h, at the Netherlands Institute for Ecology. Plants were watered biweekly.
Experimental Protocol
Freshly emerged L1 P. napi and P. rapae caterpillars were used for all treatments. The experiment consisted of four different treatments each with four replicates. For each replicate, five host plants were placed into a BugDorm cage with a total of 10 caterpillars per cage. Caterpillars were gently taken from the rearing cage with a brush and placed on a piece of leaf of the respective host plant in order to settle. To avoid bias, larvae were selected that had not fed yet, which is easily recognizable by the light color of the larvae, whereas feeding larvae are dark blue-green in appearance. After the caterpillars had settled onto a leaf, this was placed into their respective cages. Caterpillars and plants were visually checked daily and plants were watered when necessary. Fresh butterfly pupae were counted each morning and newly pupated individuals were immediately weighed on a Mettler Toledo microbalance (Mewttler-Toledo, Columbus, OH) and kept in labeled vials where they were allowed to complete their pupal development. Adult emergence was recorded every morning. Time to pupation was recorded in days from the moment the larvae were placed on the plants until the pupae were recorded. Similarly, time in pupal stage was recorded in days from the moment each caterpillar had pupated until adult emergence was recorded.
Statistical Analysis
A mixed-model analysis of variance (REML) was conducted on the performance data (time to pupation (days); time in pupal stage (days); time from egg to adult (days), and pupal biomass (mg)). In these analyses, cage was entered as a random variable. A logistic regression analysis was performed on the larval survival data per cage. All statistical analyses were performed in Genstat 17 (VSN International, Hemel Hempstead, United Kingdom).
Results
There are no significant plant-species effects observed on pupal mass (Wald ¼ 0.21; P ¼ 0.654, Fig. 2) , development time from egg to adult (Wald ¼ 1.73; P ¼ 0.213, Fig. 3) , and time in pupal stage (Wald ¼ 2.24; P ¼ 0.164, Fig. 3 ). However, a trend was observed in the development time to the pupal stage (Wald ¼ 4.02; P ¼ 0.068, Fig. 3) , where both species developed slightly quicker on A. petiolata (see also Fig. 3 ).
Significant insect species-effects were observed in pupal mass (Wald ¼ 4.82; P ¼ 0.049, Fig. 2) , development time to pupal stage (Wald ¼ 28.52; P < 0.001, Fig. 3 ), and development time from egg to adult (Wald ¼ 26.19; P < 0.001, Fig. 3) . P. rapae developed faster and grew larger than P. napi. No significant differences were observed in time in pupal stage between the two butterfly species (Wald ¼ 1.07; P ¼ 0.323, Fig. 3 ). There was no significant effect of treatments on the survival of larvae, pupae or survival to adult (Fig. 4 ).
Discussion
In partial contrast with our expectations, the results show that P. napi and P. rapae performed almost equally well on the two plant species B. nigra and A. petiolata. We had anticipated that variable habitat preferences in the two butterflies and some phenological asynchrony with these plants would affect their performance, with P. napi doing equally well on both but P. rapae performing better on B. nigra. However, both plants are clearly of high suitability and quality for P. napi and P. rapae. Moreover, both Pieris species also readily laid their eggs on both plant species in the greenhouse (data not shown).
A recent study by Friberg and colleagues also found that Swedish P. napi and P. rapae butterflies successfully developed on various food plants although there were qualitative differences amongst the plants they compared (Friberg et al. 2015) . However, the authors did not frame their study in a temporal and phenological context. The ability of both herbivores to be able to develop on multiple plant species in nature that may grow at different times during the growing season is adaptive given that they each have multiple generations per year. In the Netherlands, few native wild brassicas grow before May although A. petiolata and the wild turnip, B. rapa, are both abundant and ubiquitous during early spring. By the time the two pierid species are entering their second generation, several other large brassicaceous species are present in the field, including Sinapis arvensis, Sisymbrium officinale, and B. nigra (Fei et al. 2014) . At this time, A. petiolata is nearing the end of its life cycle, is senescing, and thus may be of marginal suitability. Thus, both butterflies will be forced to switch to new foodplants that differ in identity from the natal plant (Fei et al. 2014) .
The fact that P. napi and P. rapae both perform well on A. petiolata sheds light on the importance of long-term plant-herbivore coevolution. In North America, A. petiolata is a highly invasive plant that, at least until very recently, was highly toxic to larvae of a closely related and morphologically similar species, the mustard white, P. oleracea, as well as the West Virginia white, P. virginiensis (Keeler et al. 2006 , Keeler and Chew 2008 , Davis et al. 2015 . In fact, only in the past decade has P. oleracea been reclassified as a fully separate species from P. napi; until that time, it had been classified as the subspecies P. napi oleracea (Chew and Watt 2006) . An important factor that has favored the successful establishment or A. petiolata in North America is the fact that it produces a novel allelochemical (e.g., alliarinoside) that is not produced in any native North American plant species , Cappuccino and Arnason 2006 , Frisch and Møller 2012 , Davis et al. 2015 . Moreover, shoots also produce cyanide that is toxic to many herbivores (Cipollini and Gruner 2007) , and both chemicals may help to facilitate release of the plant from novel natural enemies (Keane and Crawley 2002) . On the other hand, the fact that the plant is highly suitable for European pierids (Frisch et al. 2014) including the gregarious Pieris brassicae (personal observations). These results suggest long-term coevolution between European pierids and garlic mustard that is toxic to naïve North American pierids that have no evolutionary history with these plants. Similar toxicity of an invasive Eurasian crucifer to a native North American pierid has been described in the interaction between the field pennycress, Thlaspi arvense, and P. macdunnoughii in the western United States (Nakajima et al. 2013 (Nakajima et al. , 2014 . Studies are underway to see if P. napi and P. rapae are able to successfully develop on T. arvense. Some European crucifers, such as the treacle mustard, Erysimum cheiranthoides, are toxic to native pierids, including P. rapae and P. brassicae (Renwick 2002) . This reveals that the nutritional suitability of food plants depends on many factors unrelated to their sympatric or allopatric distributions.
Due to morphological similarities in the larval, pupal, and adult stages, as well as their close phylogenetic affinity, we expected that differences between the two pierid species in terms of pupal mass and development times would be negligible. However, there were significant species-related differences in development time and pupal mass. In fact, although P. napi was the smaller species, it took several more days than P. rapae to complete its development on A. petiolata and B. nigra plants. This anomaly is hard to explain, but reveals either that the growth rate of P. rapae is much faster than P. napi, or else that it exploits and utilizes resources toward these different fitness functions more effectively.
Larvae of many specialist butterfly species accept their mothers' oviposition site choice, even if it is suboptimal or, in the case of garlic mustard and P. oleracea, potentially lethal (Wiklund 1975 , Chew 1977 , Thompson 1988 . Oviposition site choice depends on many ecological factors, such as plant shape, size, color, and odors as well as habitat and even the identity of neighboring plants (Ehrlich and Raven 1964, Fox and Morrow 1981) . Moreover, the risk of attack from natural enemies such as parasitoids that utilize plant-related cues to locate their hosts can also affect plant choice by female herbivores (Ohsaki and Sato 1994) . Plant choice may vary amongst different species or even individuals depending upon such factors as female age, condition, or egg load (Thompson 1988 , Minkenberg et al. 1992 , Mayhew 1997 , Soler et al. 2010 . Different generations of P. napi and P. rapae probably develop on different plant species over the course of a growing season, making selection criteria for the host plant less rigid.
In summary, our study shows that two closely related herbivore species develop equally well on two related plants that nevertheless differ in the expression of several ecophysiological traits. This suggests that different generations of both herbivores either regularly associate with both plant species in nature, or that some traits of the plants (e.g., glucosinolate chemistry) are similar enough to allow both herbivores to feed and develop on them. The ability to exploit related plants with short life cycles that grow at different times of the year is clearly important in facilitating multivoltinism in both pierids (Fei et al. 2014 ). If plants alter their phenology to earlier in the season in response to abiotic stresses such as climate warming, as appears to be occurring in The Netherlands, then this can have significant implications on multivoltine herbivores that 1) may have 
